Human coronavirus (HCoV) NL63 is recognized as a common cause of upper respiratory infections and influenzalike illness. In screening children with acute undifferentiated febrile illness in a school cohort in rural Haiti, we identified HCoV-NL63 in blood samples from four children. Cases clustered over an 11-day period; children did not have respiratory symptoms, but two had gastrointestinal complaints. On phylogenetic analysis, the Haitian HCoV-NL63 strains cluster together in a highly supported monophyletic clade linked most closely with recently reported strains from Malaysia; two respiratory HCoV-NL63 strains identified in north Florida in the same general period form a separate clade, albeit again with close linkages with the Malaysian strains. Our data highlight the variety of presentations that may be seen with HCoV-NL63, and underscore the apparent ease with which CoV strains move among countries, with our data consistent with recurrent introduction of strains into the Caribbean (Haiti and Florida) from Asia.
Human coronavirus (HCoV) NL63 is recognized as a common cause of upper respiratory infections and influenzalike illness. In screening children with acute undifferentiated febrile illness in a school cohort in rural Haiti, we identified HCoV-NL63 in blood samples from four children. Cases clustered over an 11-day period; children did not have respiratory symptoms, but two had gastrointestinal complaints. On phylogenetic analysis, the Haitian HCoV-NL63 strains cluster together in a highly supported monophyletic clade linked most closely with recently reported strains from Malaysia; two respiratory HCoV-NL63 strains identified in north Florida in the same general period form a separate clade, albeit again with close linkages with the Malaysian strains. Our data highlight the variety of presentations that may be seen with HCoV-NL63, and underscore the apparent ease with which CoV strains move among countries, with our data consistent with recurrent introduction of strains into the Caribbean (Haiti and Florida) from Asia.
Human coronaviruses (HCoVs) are being recognized with increasing frequency globally as a cause of human respiratory infections. [1] [2] [3] [4] [5] [6] [7] [8] Strains are also associated with infections in animals, with current data suggesting that bats are a primary reservoir and point of origin for HCoVs. 9, 10 Initially described in the 1960s, interest in the coronaviruses increased substantially in the early 2000 with the emergence of severe acute respiratory syndrome (SARS), 11 followed by the Middle East respiratory syndrome (MERS) in 2012. 12 Other than SARS and MERS, which have tended to occur in more delimited epidemics, four coronaviruses are currently recognized as being endemic in human populations: HCoV-229E, HCoV-OC43, HCoV-NL63, and HCoV-HKU1.
we have protocols in place for the collection of diagnostic blood samples from children presenting to the school clinic with acute undifferentiated febrile illness (i.e., febrile illness with no localizing signs, such as would be expected with pneumonia, upper respiratory infections, urinary tract infections). The protocol for sample collection was approved by the University of Florida Institutional Review Board (IRB) and the Haitian National IRB, and written parental informed consent was obtained from parents or guardians of all study participants.
CASE REPORTS
Between May 2014 and February 2015, blood samples were obtained at the school clinic from a total of 177 children who met criteria for the diagnosis of acute undifferentiated febrile illness. HCoV-NL63 was identified in samples from four case patients seen between January 16 and January 27, 2015. Ages ranged from 3 to 10 years (mean 6 years). All presented with subjective symptoms of fever, although only two were febrile when examined (39°C and 38.5°C, respectively). Two complained of headache, whereas two complained of -abdominal flu.‖ In keeping with the criteria for enrollment in the study, no respiratory symptoms or symptoms consistent with croup were reported. Routine stool cultures and examination for ova and parasites were performed on stool samples from all four children, as previously described 13 : Giardia was identified in the stool sample of one of the children with abdominal complaints, and Blastocystis was identified in one of the children with no gastrointestinal (GI) complaints. No bacterial pathogens were identified on stool culture. Malaria screens on all four children were negative. In all instances, illness was mild and self-limited, and children recovered without sequelae.
Plasma samples were cultured using cell lines and conditions as previously described, 14, 15 and as reported in detail in the Supplemental Information that accompanies this publication. In brief, aliquots of plasma (25-100 L) from each patient were inoculated in duplicate into five different cell lines (A549, LLC-MK2, MDCK, MRC5, and Vero E6). Cell cultures from each of the four patients displayed cytopathic effects (CPEs) that were clearly different from those observed in cells in which alpha-, flavi-, and other viruses were isolated (Figure 1 ). The CPE were most obvious in LLC-MK2 cells and less so in Vero E6 incubated at either 33°C or 37°C.
Primary screens of spent culture from these cell cultures by reverse transcription polymerase chain reaction (RT-PCR) were negative for arena-, alpha-, entero-, and flavivirus viral genomic RNAs (vRNAs); however, they were positive for HCoV-NL63 using the GenMark eSensor XT-8 RVP system (eSensor RVP; GenMark Diagnostics, Inc., Carlsbad, CA). The agent isolated in these cultures was subsequently confirmed as HCoV-NL63 by RT-PCR and sequencing of the amplicons and the virus genome. Similar methods were used to obtain sequence data for HCoV-NL63 from two positive respiratory samples collected in July and September 2015, respectively, at University of Florida Health/Shands Hospital in Gainesville, FL. GenBank accession numbers: HCoV-NL63/Haiti: KT266906; KX179494-KX179499. HCoV-NL63/Florida: KT381875.1; KU521535.1.
A multiple sequence alignment was assembled including 192 HCoV-NL63 spike gene region reference sequences, downloaded from NCBI (see Supplemental Table 1 for details about the reference sequences), plus the four Haitian sequences and the two sequences from University of Florida Health. The locations of the reference sequences considered for the analysis were Belgium, China, Ghana, Hong Kong, Japan, Malaysia, Netherlands, Sweden, Thailand, and the United States. The evolutionary model was chosen as the best-fitting nucleotide substitution model in accordance with the results of the hierarchical likelihood ratio test implemented with the Modeltest software version 3.7. 16 See supplemental Information for a complete description of phylogenetic methods.
Bayesian factor (BF) analysis showed that a significant better fit for the relaxed rather than the strict molecular clock model (LnBF > 15 in favor of the former). Under the relaxed clock, the BF analysis also showed that the nonparametric Bayesian skyline plot was the best-fitting demographic model (LnBF > 53 for each comparison). The estimated mean evolutionary rate was 7.02 × 10 4 substitutions/site/year (95% high posterior density [HPD] 3.97 × 10 4 -1.09 × 10 3 ). The Maximum Clade Credibility tree shows three main supported clades (Figure 2 ) with no particular geographic structure, although it is clear that the older lineages, close to the root of the tree are from United States with a most recent common ancestor dating back to the mid1970s (a tree with reference labels is provided in Supplemental Figure 1 ).
The four new Haitian isolates belonged to genotype C and clustered within a well-supported (P > 0.95) sub-clade with a most recent common ancestor dating back to 2013 (95% high posterior density intervals 2012-2014). The two Florida sequences also clustered with genotype C sequences and formed a separate but highly supported sub-clade (P > 0.95), with a most recent common ancestor dating back to 2014 (95% HPD intervals 2013.5-2014.5). The Haitian and Florida isolates and a strain from Malaysia are part of a larger sub-clade branching off independently from several genotype C Malaysian sequences, 17 which would suggest an Asian origin for the new strains, although the sub-clade does not have strong statistical support (P < 0.9). Overall, the data are consistent with at least two recent and independent introductions of HCoV-NL63 virus in the region (one in Haiti, one in north Florida), possibly originating from east Asia.
DISCUSSION
HCoV-NL63 is widely distributed in human populations, and has been isolated from patients with symptoms ranging from those of a mild -common cold‖ to influenza-like illness, and, rarely, pneumonia and more severe lower respiratory infections.
1-8 Cases tend to cluster, often in winter/late winter months in temperate areas, although there is a wide variation in seasonality in different parts of the world. In comparison to the other common HCoV groups, NL63 has been reported as the most common cause of croup in infants < 6 months of age.
7 It is also commonly seen as a coinfection with other known pathogenic viruses (38% of total cases in one study were infected with two or more viruses 7 ), and, in a study in Ghana, which compared children with respiratory symptoms with control children without such symptoms, HCoV-NL63 was significantly more common among control children than case children (8.5% versus 6.8%, P 0.022).
3 HCoV (including HCoV-NL63) have also been identified in stool samples from children with acute gastroenteritis; however, 82% of patients from whom HCoV were isolated also had either norovirus or rotavirus in the stool sample.
18 Taken together, these data paint a picture of a widely distributed virus, present in the respiratory and GI tract, with uncertain pathogenicity, possibly due to inherently low virulence and/or the impact of high levels of prior immunity in the general population.
In this study, we isolated HCoV-NL63 from a small cluster of children with febrile illness, without respiratory symptoms, in January in rural Haiti. As our primary goal was to screen for arboviruses, we specifically excluded children with respiratory symptoms from sample collection, so we cannot be certain how many of this latter group might also have been infected with/carrying HCoV-NL63. What was unexpected was the isolation of this specific coronavirus group from blood, which, to our knowledge, has not been previously reported. However, viremia is not totally unexpected: HCoV-NL63 is capable of infecting human kidney cells in tissue culture 19 by using the same cell receptor (ACE2 receptor) as SARS-CoV, which causes systemic illness, and is shed in respiratory secretions, urine, and stools, with presumptive hematogenous spread. The clinical significance of the viremia in our specific cases is uncertain. All case patients were febrile, and two had GI complaints (although one of the two with GI complaints also had Giardia on stool examination). Our findings indicate that viremia with HCoV-NL63 does occur, and raise the possibility that it can cause a mild febrile illness in otherwise healthy children, without respiratory manifestations, but, possibly, with diarrhea.
At a phylogenetic level, our Haitian isolates were most closely linked with isolates from Malaysia. We also sequenced two HCoV-NL63 isolates from respiratory samples at University of Florida Health in Gainesville: they clustered together within a separate monophyletic clade, with a separate link back to Malaysian strains. These findings underscore the apparent ease with which coronavirus strains can spread at a global level, findings in keeping with the observed continental jumps of both SARS-CoV and MERS-CoV. 
Cell cultures.
Cell lines A549 (CCL-185), LLC-MK2 (CCL-7), MDCK, (CCL-34), MRC5, and Vero E6 (CRL-1586) were obtained from the American Type Culture Collection (Manassas, VA), and were propagated as monolayers at 37°C and 5% CO 2 in Advanced Dulbecco's Modified Eagle's Medium (aDMEM) (Invitrogen Corp., Carlsbad, CA) or Eagle's Minimal Essential Medium (EMEM) (Invitrogen Corp.), as appropriate per cell line. aDMEM and EMEM were supplemented with 2 mM L-Alanyl-L-Glutamine (GlutaMAX™; Invitrogen Corp.), antibiotics (PSN; 50 g/mL penicillin, 50 g/mL streptomycin, 100 g/mL neomycin [Invitrogen Corp.]), and 10% (v/v) low IgG, heat-inactivated gamma-irradiated fetal bovine serum (FBS) (HyClone, Logan, UT). Additionally, sodium pyruvate (Invitrogen Corp.) and nonessential amino acids (HyClone) were added to EMEM. Before seed stocks were prepared, the cell lines were propagated in growth media with plasmocin (Invivogen, San Diego, CA) for 2 weeks to reduce the chances of mycoplasma contamination, then for a minimum of 2 weeks in the absence of antibiotics to determine whether fast-growing microbial contaminants were present or abnormal morphological changes would occur (associated with intracellular mycoplasma). Following 2-3 weeks of propagation without antibiotics, the plasmocin-treated cell lines were tested by polymerase chain reaction (PCR) to confirm an absence of mycoplasma DNA.
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Virus isolation.
Aliquots of plasma (25-100 L) from febrile patients that had tested negative for Chikungunya virus RNA by reverse transcription PCR (RT-PCR) (details to be presented elsewhere) were inoculated onto duplicate sets of cells grown in 25 cm 2 rectangular canted-neck cell culture flasks with vent caps (Cat no. 430639, Corning Incorporated, Corning, NY). A total of 10 flasks were used per plasma sample. Cell culture flasks were used so that plasma could be inoculated onto a relatively wide surface area; otherwise, the complex mix of biomolecules in human plasma/serum can induce nonspecific cytopathic effects (CPEs) that are mistaken for virus-induced CPE. Sets consisting of five different cell lines (A549, LLC-MK2, MDCK, MRC5, and Vero E6) were used to increase the chance of isolating a wide array of viruses. One set was inoculated at 37°C, the other at 33°C. All cells were in complete medium with serum, except for MDCK cells at 33°C, which were in serum-free medium containing 2 µg/mL of L-1-tosylamide-2-phenylethyl chloromethyl ketone (TPCK)-treated trypsin.
2 Noninoculated cells were held in parallel with the inoculated cells and served as negative controls. All the cells were observed daily for development of virus-induced CPE using an inverted microscope with phasecontrast optics, and refed every 3 days with complete medium containing either 4% FBS (or serum-free medium with TPCK trypsin). The cells were maintained and observed for 1 month before being considered negative for virus isolation.
Virus screens.
This work was focused on the isolation and/or detection of alpha-and flaviviruses, and PCRbased methods for the detection of the nucleic acids of those viruses (to be presented elsewhere) were used for primary screens. A limited number of PCR-based methods were also used for secondary tests; these were for the detection of arenaviruses and enteroviruses, which are viruses that could be in serum/plasma in febrile patients. Furthermore, the GenMark multiplex respiratory PCR eSensor XT-8 Respiratory Viral Panel (eSensor RVP; GenMark Diagnostics, Inc., Carlsbad, CA) was used to screen for respiratory viruses according to instructions from the manufacturer. The system detects the genomic material of influenza A virus (including subtypes H1 and H3), influenza A virus 2009 H1N1, influenza B virus, respiratory syncytial viruses A and B, parainfluenza viruses 1, 2, 3, and 4, human metapneumovirus, adenoviruses B/E and C, human coronaviruses (HCoVs) (-229E, -NL63, -HKU1, -OC43), and human rhinoviruses A and B. Briefly, in the case of viral genomic RNA (vRNA), the extracted nucleic acid is reverse transcribed and amplified using viral-specific primers with an RT-PCR enzyme mix. The amplified DNA is converted to single-stranded DNA via exonuclease digestion and is combined with a signal buffer containing ferrocene-labeled signal probes that are specific for the different viral targets. A signal in nanoAmperes (nA) is provided; signals higher than a threshold value are considered positive.
RT-PCR tests for confirmation of HCoV-NL63.
Following detection of HCoV-NL63 vRNA by the GenMark eSensor XT-8 RVP, confirmation was attained using methods outlined in reference.
3 Briefly, vRNA was extracted from spent cell media using a QIAamp Viral RNA kit (QIAGEN, Valencia, CA), and RT-PCR amplicons generated using primer pairs Cor-FW and Cor-RV, 4 N5-PCR1 and N3-PCR1, 4 and repSZ-1 and repSZ-3, 5 were sequenced. Reverse transcription procedures were performed with Omniscript reverse transcriptase (Qiagen), and PCR with Hotshot TAQ (New England Biolabs, Ipswich, MA) with extension at 68°C.
Nucleotide sequencing.
Targeted HCoV-NL63 sequences were RT-PCR-amplified from purified vRNA using a genome walking strategy (3). Briefly, overlapping primers described by Geng and others (GenBank JX524171) and others 4,5 were used to obtain the complete genomic sequence of one of the HCoV-NL63 isolates from Haiti (designated HCoV-NL63/Haiti-1/2015). Following the same methods, spike, membrane, and nucleocapsid gene sequences were also obtained for HCoV-NL63 isolates 2, 3, and 4 from Hiati. As before, 3 AccuScript High Fidelity Reverse Transcriptase (Agilent Technologies Inc., Santa Clara, CA) was used for first-strand cDNA synthesis in the presence of SUPERase-In RNase inhibitor (Ambion, Austin, TX), and PCR was performed using Phusion Polymerase (New England Biolabs) with denaturation steps performed at 98°C. The 3 and 5 ends of HCoV-NL63/Haiti-1/2015 were determined using a RACE (rapid amplification of cDNA ends) kit (RLM RACE; Ambion) following the manufacturer's instructions. For all, nucleotide sequences were analyzed using an Applied Biosystem 3130 DNA analyzer by using BigDye Terminator (v. 3.1) chemistry and the same primers used for amplifications.
GenBank accession numbers.
HCoV-NL63/Haiti: KT266906; KX179494-KX179499. HCoV-NL63/Florida: KT381875.1; KU521535.1
Phylogenetic analysis.
Forty-four complete genome and 148 spike gene region sequences were downloaded from NCBI (Supplemental Table 1 ). Inclusion criteria for the sequences were 1) the sequences were published in peer-reviewed journals, 2) no uncertainty regarding the subtype assignment and being classified, 3) potential recombinants or poor-quality sequences (i.e., sequences with uncertain nucleotide assignments) were excluded, and 4) city/state and sampling time were known and clearly established in the original publication. The locations of the reference sequences considered for the analysis were Belgium, China, Ghana, Hong Kong, Japan, Malaysia, the Netherlands, Sweden, Thailand, and the United States. A multiple sequence alignment of the spike gene region, including the 192 references sequences as well as the two new sequences from Shands and the four from Haiti, was then obtained with ClustalX 6 followed by manual editing using Bioedit. 7 The evolutionary model was chosen as the best-fitting nucleotide substitution model in accordance with the results of the hierarchical likelihood ratio test implemented with the Modeltest software version 3.7.
8 The full alignment is available from the authors on request.
Likelihood mapping and phylogenetic inference.
The phylogenetic signal in the aligned sequences was investigated with the likelihood mapping method that analyzes every possible group of four sequences, referred to as a -quartet.‖ 9 For each quartet, the likelihood of each one of the three possible unrooted trees is estimated, and the three likelihoods are eventually reported as a dot in an equilateral triangle (the likelihood map) that is subdivided in to three main areas: the three corners, representing fully resolved tree topologies (i.e., the presence of treelike phylogenetic signal in the data); the center, representing star-like phylogeny signal (i.e., phylogenetic noise); and the three side areas indicating network-like phylogeny (i.e., presence of recombination or conflicting phylogenetic signals). Findings from extensive simulation studies suggest that a central area with < 30% dots can be used as the criterion of robust phylogenetic signal. The likelihood mapping analysis was performed with the program TREE-PUZZLE. 9 The percentage of dots (noise level) falling in the central likelihood map was 15.5% indicating sufficient signal to infer a robust phylogeny.
Bayesian time-scaled phylogeny.
The evolutionary rate of the Coronavirus NL63 spike region was estimated by calibrating a molecular clock using known sequences sampling times with the Bayesian Markov Chain Monte Carlo (MCMC) method implemented in BEAST v. 1.8 (http://beast.bio.ed.ac.uk) 10, 11 and by enforcing either a strict or a relaxed molecular clock with an lognormal distribution for the prior rates. Four independent MCMC runs were carried out enforcing a relaxed molecular clock (which resulted the best fit for the data, see Results Section) and one of the following coalescent priors: constant population size, exponential growth, nonparametric smooth skyride plot Gaussian Markov random field, and nonparametric Bayesian skyline plot. 10, 12, 13 Marginal likelihoods estimates for each model were obtained using path sampling and stepping stone analyses.
14-16 Uncertainty in the estimates was indicated by 95% high posterior density intervals, and the best fitting model for the data set was selected by calculating the Bayes factors (BFs). 15, 17 In practice, any two models were compared to evaluate the strength of evidence against the null hypothesis (H 0 ), defined as the one with the lower marginal likelihood: 2lnBF < 2 indicates no evidence against H 0 ; 2-6, weak evidence; 6-10, strong evidence; and > 10 very strong evidence. For each data set, the MCMC sampler was run for at least 50 × 10 6 generations, sampling every 5,000 generations. Proper mixing of the MCMC was assessed by calculating the effective sample size (ESS) of each parameter. Only parameter estimates with ESS > 250 were accepted. Phylogeographic analysis was conducted by using the continuous time Markov chain process over discrete sampling locations implemented in BEAST 18 with the Bayesian Stochastic Search Variable Selection model, which allows diffusion rates to be zero with a positive prior probability. The maximum clade credibility tree was selected from the posterior tree distribution after a 10% burn-in using Tree Annotator version 1.8 included in the BEAST package. 10, 11 Statistical support for specific monophyletic clades was assessed by calculating the posterior probability. The phylogenetic tree with full sequence labels is included in Supplemental Figure  1 . SUPPLEMENTAL 
